The use of RTS for measuring displacements at the Sava railway bridge during load testing after bridge rehabilitation is presented in the paper, and a special emphasis is placed on the determination of displacements when the bridge was subjected to dynamic load and natural frequencies. Measurement results are compared to numerical analysis results and to natural frequency results obtained by the Operational Modal Analysis (OMA). Određivanje dinamičkih pomaka i vlastitih frekevecija mosta RTS-om U radu je prikazana primjena RTS-a za mjerenje pomaka na željezničkom mostu "Sava" tijekom pokusnog opterećenja nakon rekonstrukcije mosta, s posebnim naglaskom na određivanje pomaka pri dinamičkom djelovanju opterećenja te vlastitih frekvencija mosta. Rezultati mjerenja su uspoređeni s rezultatima numeričkog proračuna i s rezultatima vlastitih frekvencija određenih operacionalnom modalnom analizom (OMA). 
Introduction
Bridges are of exceptional importance for traffic infrastructure of every country. Any kind of damage or significant deformation affects the safety of bridges and can result in their closure, which can then cause the collapse and disintegration of the traffic system [1] . Bridge inspections are necessary in order to ensure safe and functional operation of traffic. Continuous monitoring of displacements provides early warning in case of unforeseen damage. Bridges are subjected to load testing in order to verify their design features and capabilities to take over design loads. According to Croatian legislation [2] , every railway bridge with a span longer than 10 m has to be tested before it is opened to traffic. Generally, bridge load testing consists of static and dynamic tests. Accurate levels, total stations and Global Navigation Satellite Systems-GNSS instruments are most often used for static load testing depending on bridge characteristics and expected displacements [3, 4] . Older models of these instruments were not used for dynamic testing due to their limitations with regard to sampling frequency and accuracy. Sampling frequency of older RTS instruments amounts to 1 Hz [5] , which is insufficient for measurement of dynamic displacements. With constant improvements of GNSS instruments and robotic total stations (RTS), these instruments are no longer limited to merely monitoring static displacements of the structures, i.e. they are now used for monitoring dynamic displacements as well. In recent years, GNSS instruments with the sampling frequency of [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] Hz have generally been used for monitoring displacements caused by dynamic excitation at large and flexible bridges [6] [7] [8] . A major requirement for GNSS measurements is the unobstructed view of the horizon and satellites. This is usually not the case during the load testing of railway bridges where satellite signals are deformed or even disrupted by the passing trains [9, 10] . In such situations, an alternative is to use more recent RTS models that can accurately measure position of the moving point (reflector) with the sampling frequency of up to 20 Hz [11] . Another advantage of RTS is the possibility of recording 3D coordinates of a moving target with a millimetre level accuracy, compared to measurement quality obtained by GNSS instruments which is in centimetre level accuracy. Just like GNSS, RTS also has some limitations. Achievement of the level of accuracy by RTS is limited by a number of factors and requires direct visibility between the reflector mounted on the moving point and RTS, while the distance between RTS and the reflector should not exceed the optimal operational range of the RTS, which currently amounts to several hundreds of meters. To date, however, only a few research campaigns have been conducted where RTS instruments (with sampling frequency of 5-7 Hz) were used for measuring simulated and actual dynamic displacements of bridges [10, [12] [13] [14] [15] . This paper presents RTS possibilities and its implementation in the dynamic testing of the Sava Railway Bridge during the load testing conducted following the bridge reconstruction. During the testing, the bridge was excited by two trains passing at speeds ranging from 20 to 75 km/h. Bridge displacements during dynamic excitation were measured by two RTS models with sampling frequencies of 10 Hz and 20 Hz at the measuring point situated at the quarter of the main span. The paper focuses on the ability of RTS to measure bridge displacements during dynamic excitation, and on its efficiency in identifying bridge natural frequencies based on dynamic displacement measurements. Measured frequencies are compared to theoretical results obtained from the numerical model of the bridge. They are also compared with the results of the Operational Modal Analysis based on acceleration measurements. 
Reconstruction of Sava Railway Bridge
The Sava Railway Bridge is a double-track railway bridge over the Sava River in Zagreb. The bridge is a four-span steel structure measuring 306 m in total length and 9.6 m in width. The static system of the bridge is a simply supported continuous beam strengthened by the arch in the main span (Langer beam). The main span is 135.54 m long, and the remaining three spans mesure 57.50 m, 57.96 m and 55.00 m in length ( Figure 1 ). The bridge substructure is composed of two abutments and three piers. Piers and abutments are made of concrete with ashlar facing. Piers B, C, D and abutment E have caisson foundations, while abutment A has massive concrete foundations. Roller bearings, movable in longitudinal direction of the bridge, are installed at abutments and piers B and D. Bearings at pier C are longitudinally fixed, the one at the upstream side is fixed in lateral direction, and the one at the downstream side is movable in lateral direction. Main girders, arches and side hangers are made of steel grade S355, while steel grade S235 is used for all other elements. The bridge strengthening had to be performed in order to increase the bridge category to D4 (mass per axle of 22.5 t, and mass per unit length of 8.0 t/m) [16] . Repair works were made by incorporating additional elements. The existing elements were not removed nor weakened, while all connections were made using rivets or high strength bolts. Pier C was strengthened by additional piles and head beams, and by a new reinforced concrete layer around the existing pier.
Load testing at the Sava Railway Bridge
Detailed testing of the bridge was conducted after its reconstruction. According to the Croatian National Standard HRN U.M1.046 [2] , load testing must be conducted after bridge reconstruction and before the bridge is opened to traffic. The purpose of load testing is to empirically quantify the load bearing capacity of the structure, i.e., to verify theoretical hypotheses on the behaviour of the structure. The load testing consists of static and dynamic testing. The static and dynamic loading was performed using two 119.5 m long train compositions, each consisting of a locomotive and 8 freight wagons. The mass of the locomotives was 80.0 t (4 axles, 20.0 t per axle) and they were 15.5 m long. Wagons, 13.0 m in length, were loaded with gravel, and their average mass was 79.8 t (4 axles, 19.95 t per axle). The total mass per train composition was approximately 720 t, i.e. 1440 t for both trains.
Dynamic testing
Six train passages over the bridge were recorded in the scope of dynamic testing. The details of these train passages are shown in Table 1 . The trains passed across the bridge at the same time (in parallel on two tracks), except at the second pass in which the excitation was caused by the train passage on the west-side track. It was difficult to achieve simultaneous passage of trains across the bridge at higher speeds. At the sixth passage, when the speed was 75 km/h, the train on the east-side track passed over the bridge with a delay of about 9 seconds compared to the train on the west-side track. This resulted in 187 m distance at the time of passage across the bridge, which can be seen in the measured displacement records shown in Section 5. During dynamic testing of the bridge, displacements were measured by two RTS models with the sampling frequencies of 10 Hz and 20 Hz. The RTS measuring point was placed at one quarter of the main span. Both RTS models were set on stable ground at a distance of 60 m from the measuring point (reflector). The reflector was fixed on the main girder at one quarter of the main span from the south-west side of the bridge (Figure 2 ). 
Robotic total stations
RTS devices belong to a new generation of surveying instruments that are capable of recording the change of 3D coordinates of a moving target by an automated process with the sampling frequency of up to 20 Hz [11] . Based on measurements of horizontal and vertical angles and distance to the reflector, RTS determines 3D coordinates of the reflector in a rectangular coordinate system, relative to the known coordinates. The accuracy of reflector coordinates depends primarily on the uncertainty of horizontal and vertical angle measurements, and on the uncertainty of the distance to reflector measurements. Today's RTS have the ability to measure angles with the precision of 1" and the length of 1 mm, which allows determination of the reflector 3D position with an accuracy of 1mm. The suitability of RTS for monitoring dynamic displacements of flexible, oscillating structures has been tested in the scope of several studies [5, 10, 12, 13, [17] [18] [19] . The results of these studies show that RTS has an advantage over other geodetic instruments in the case of dynamic displacements measurements where high level of accuracy (at millimeter level) is required. Also, the results of these studies show that RTS can accurately measure oscillation amplitudes larger than 5 millimeters. However, the achievement of this level of precision by RTS is limited by numerous factors and depends on RTS characteristics, the type of reflector, and atmospheric conditions during the measurement. Furthermore, the RTS performance is also influenced by kinematics (speed and acceleration) of a moving reflector as well as by changes in the kinematics of the reflector [13, 20] . All these factors might affect determination of coordinates, and so the beam can momentarily be interrupted, which in turn can impact the data sampling frequency. Due to the mentioned factors that affect RTS performance in kinematic measurements, two RTS models were used in this research to measure coordinates of the same reflector. This enabled comparison of the dynamic movements of the bridge measured with RTS instruments. Two RTS models used in the research are Leica TPS1201 with the sampling frequency of up to 10 Hz, and TRIMBLE S8 with the sampling frequency of up to 20 Hz ( Figure 4 ). The Leica TPS 1201 sampling frequency set up to 10 Hz was not achieved and varied by about 7 Hz with irregular time intervals between individual records, which had already been established in previous studies. The Visual Basic (VB) application relying on Measurement of bridge dynamic displacements and natural frequencies by RTS GEOCOM protocol was used in order to increase the number of recorded measurements [18] . The VB application controls the RTS measuring process via laptop and enables an increase in sampling frequency from 7 Hz to 10 Hz. The robotic total station Trimble S8 was used in order to record 20 measurements per second. The process was also controlled by the laptop using the Trimble PC software.
Testing of RTS in test field
In previous studies related to RTS instruments [12, 13, [17] [18] [19] , the possibilities of determining simulated displacements to the given amplitude of oscillation of less than 5 mm have not been sufficiently examined. For this reason, before determining displacement of the Sava Railway Bridge during load testing, RTS instruments were tested through measurement of artificially induced controlled displacements of less than 5 mm. The testing was performed in a way that the robotic total stations were used for measuring position of the point that performs harmonic motion with predetermined amplitudes and frequencies of oscillation. The RTS testing was conducted in the courtyard in front of the Structural Testing Laboratory of the Faculty of Civil Engineering, University of Zagreb. Dynamic displacements were simulated using electrodynamic shaker with an amplifier and frequency generator ( Figure 5 ). The reflector was mounted on the moving arm of the electrodynamic shaker ( Figure 5 ). The shaker was operated according to predefined frequency values and oscillation amplitudes. Simulated (predefined) oscillation amplitudes were controlled by the LVDT sensor HBM WA 50 that was previously calibrated to an accuracy class 1. During the testing, the electrodynamic shaker was set to produce sinusoidal displacements with the amplitudes of 1 mm, 2 mm and 4 mm, and with the frequencies of 1 Hz, 3 Hz and 5 Hz. The total of 9 tests were performed, and the testing of each amplitude and frequency of oscillation lasted for 30 seconds. The distance between the RTS and electrodynamic shaker onto which the reflector was fixed was 60 m, which corresponds to the measurement distance between the RTS and the reflector in the load testing of the Sava Railway Bridge. Measurement results for simulated dynamic displacements with predefined oscillation amplitudes of 1 mm, 2 mm and 4 mm, are shown in Figure 6 . Measurement results for different predefined oscillation frequencies are shown in different colours (1 Hz -red, 3 Hz -green, and 5 Hz -blue). In the figures showing graphs of recorded displacements, RTS 1 denotes the Leica TPS 1201, while RTS 2 denotes the Trimble S8 instrument. Measurement data quality indicators can be obtained simply by examining graphical presentation of measurement results, where it can be seen that the worst RTS measurement data were obtained when performing tests with the highest defined frequency (5 Hz) and the smallest amplitude (1 mm). These results were expected because the set (defined) amplitude of oscillation was on the verge of the RTS achievable precision. Also, graphs show poor assessment of the simulated sine function with an increasing frequency of oscillation and reflector speed. In the light of the above, it can be concluded that the quality of RTS measurement data is significantly affected by the frequency of oscillation or reflector speed. Thus, at higher speeds, the reflector positioning accuracy, with the impact of errors that occur at angle and distance measurements, is influenced by the errors synchronising the operation of individual RTS sensors, as well as by the effect of the RTS mechanism for monitoring the reflector on the measurement itself. The next step was to analyse differences between the measured and simulated dynamic displacements. Since the accuracy of the system that is used to simulate dynamic displacements significantly exceeds the accuracy of the RTS instruments, the defined frequency and the oscillation amplitude can be taken as correct. The differences between the measured and the defined dynamic displacements were calculated for each 30-second test. Figure 7 shows standard deviations of differences in measured and predefined dynamic displacements, as well as the percentage of deviations with respect to the simulated amplitude.
Based on the calculated standard deviations of the tests performed, it can be seen that the most accurate results were obtained in tests with the lowest frequency of oscillation, while the larger standard deviation was obtained in tests with the frequency of 5 Hz. Likewise, in tests with the given amplitude of oscillation of 1 mm, the increase in standard deviation is up to 90 % of the amplitude value (RTS 1). From the results shown, it is evident that the higher accuracy is achieved with the RTS 2 instrument, where standard deviation at the frequency of 1 Hz is around 20 % of the measured amplitude (of 2 mm and 4 mm). On the other hand, at 3 Hz standard deviation is about 40% of the measured amplitude even at the amplitude of 4 mm. Therefore, the obtained results show that it is not possible to accurately determine the amplitude characteristics of dynamic displacements with the amplitude of 1 to 4 mm with the tested RTS instruments. In addition to testing RTS instruments in the measurement of dynamic displacements, the subject of the examination was their ability to determine oscillation frequency of the sine signal with amplitudes of less than 5 mm. Dominant frequencies of oscillation were determined in the tests using the Fast Fourier Transform (FFT) analysis. Figure 8 shows the results of determined frequencies from data measured with RTS 1 in all tests (1 Hz -red, 3 Hz -green, 5 Hz -blue). Measurement noise levels were estimated for both RTS instruments from the records of measurements carried out when the bridge was influenced solely by ambient load ( Figure  11) . To estimate the level of measurement noise, the reflector was placed above the pillar C in order to reduce to minimum the influence of ambient excitation.
As can be seen from the results, the frequency of 5 Hz could not be determined by RTS 1 in tests with any predetermined oscillation amplitude (Figure 8 -blue) . The pre-set frequencies were determined in tests with the oscillation amplitude of 1 mm and the frequency of 1 Hz and 3 Hz. In tests with the frequency of 1 Hz, the resonant peak appeared at the frequency of 2 Hz as the first harmonic that is the after-effect of distortion of an ideal sine wave recorded by the instrument. In other tests, all pre-set frequencies were determined without significant noise. Figure 9 shows the results for frequencies determined from data measured with RTS 2 in all tests (1Hz -red, 3 Hz -green, 5 Hz -blue). RTS 2 was able to determine frequencies in all tests, although low amplitude of the resonant peak was recorded in the test with the amplitude of 1 mm and the frequency of 5 Hz. No filters were used in the analysis of data measured with the RTS instruments and in the determination of frequencies. With the application of digital filters prior to FFT analysis, noise can be reduced in spectral recordings, taking into account the fact that parts of the spectrum characterizing the studied dynamic phenomenon are not filtrated.
Analysis of dynamic displacement measurement results
The first data processing step was to transform determined coordinates of the moving target into a local Cartesian coordinate system with the origin in the centre of the reflector, and with one axis parallel to the direction of the bridge. This allowed analysis of reflector displacements along the longitudinal, lateral and vertical axes of the bridge. The next step of analysis was to identify the exact moment of the trains entering and exiting the bridge. These moments were identified in the field by the RTS instrument clock, as shown in Figure 10 . They are determined separately for each train passing at different speeds. Vertical displacements determined by both RTS instruments over a period of 60 seconds, when the bridge was not influenced by excitation, were within the interval of ± 0.8 mm, and the standard deviation of both RTS amounted to 0.2 mm. Longitudinal displacements of the bridge determined by RTS 1 amounted to ± 1.5 mm, whereas the lateral ones were ± 1.4 mm (standard deviation 0.5 mm or 0.4 mm). Longitudinal displacements determined by RTS 2 amounted to ± 1.1 mm, and the lateral ones to ± 1.0 mm (standard deviation 0.3 mm, or 0.2 mm). These results show that the level of measurement noise is higher in the horizontal plane (longitudinal and lateral displacements) compared to the level of measurement noise in the vertical plane. Different levels of measurement noise in coordinate axes occur due to uncertainty in measuring the angle causing the corresponding uncertainty in determination of lateral position of the point (perpendicular to direction of RTS to the reflector), while the uncertainty of distance measurement causes uncertainty in determining longitudinal position of the point (in direction of RTS to the reflector). In accordance with the tests for the RTS instruments used (presented in Section 4), it is expected that the noise level during dynamic excitation will exceed the above described values. Figure 12 shows vertical displacements of the bridge determined by RTS 1 in the quarter of the main span in passages 1-6 (Table 1) . Bridge displacements measured during dynamic excitation consist of a long-period static component and a short-period dynamic component. Unfiltered measured displacements are shown in blue, the static component of vertical displacement is shown in red, and the dynamic component of displacement is shown in green. The static component was determined using a low-pass filter, which allows passage to all frequencies lower than 0.3 Hz, while higher ones are attenuated. The dynamic component was determined by the use of a high-pass filter, which allows passage to all frequencies Figure  13 , marked in red circle for measurements performed by RTS 2 during event 3. The cause of this unpredicted instance remains unknown and may perhaps be attributed to field conditions. As can be noticed in Figures 12 and 13 , both RTS instruments registered almost the same values of vertical displacement. Differences between static components of vertical displacement determined by the two RTS instruments amounted to 1 mm, except at passage 4, where the difference in elevation was 2.0 mm, and at passage 6, where the difference of maximally measured displacement was 2.3 mm. This indicates that the measurement precision achieved by the RTS instruments was satisfactory. The agreement between measured displacements can be seen in Figure   14 where static components of vertical displacement, determined by both RTS instruments at passages 4 and 5, are presented. During the passage of trains, the main girder acceleration was measured in vertical direction in the middle of the central span. Dynamic displacements not exceeding 1 mm were determined by double integration of measured accelerations ( Figure 15 ). The highest dynamic displacement value of ± 0.71mm was determined at passage 3 at the speed of 40 km/h. From the results gained from the dynamic components of displacements presented in Figures 12 and 13 , it is evident that they are in the range of ± 2 mm for RTS 1, while they are within the range of ± 1 mm for RTS 2 at all speeds. Since test results for measuring instruments (Section 4.1) show that it is not possible to accurately measure displacements at the levels of less than 1 mm, it can be concluded that the displayed dynamic displacement components determined by RTS measurement are not reliable, and that they are primarily the consequence of noise and measurement errors.
Vertical displacements

Horizontal displacements
Unlike vertical displacements, the level of horizontal displacements of the bridge in the longitudinal and lateral directions was significantly smaller, because the load was primarily exerted in vertical direction during the passage of trains. Figure 16 and Figure 17 show bridge displacements determined by RTS 1 and RTS 2 in the quarter of the main span for the longitudinal direction at passages 1-6. Just like for vertical displacement, the measured displacement (blue) was divided into the static component (red) and dynamic component (green). In the time interval between moments 2 and 3, when trains passed across the main span of the bridge, the measured Measurement of bridge dynamic displacements and natural frequencies by RTS displacements ( Figure 16 and Figure 17 -blue colour) can clearly be distinguished from the noise measurements at all moments. Good agreement was observed for longitudinal displacements measured by both RTS instruments, where the static components of determined displacements differ by up to 1 mm (passages 4 and 5), despite of the fact that they are in the millimetre range.
The maximum static component of longitudinal displacement determined at simultaneous passage of both trains was 7.5 mm for RTS 1 and 6.9 mm for RTS 2, while the same component at the passage of one train (passage 2) was 4.9 mm for RTS 1, i.e. 4.5 mm for RTS 2. Given that all these displacements were determined in the time interval when the train passed over the main span of the bridge (time interval between the moments 2 and 3), it can be concluded with certainty that they show real response of the bridge caused by passing trains. Figures 18 and 19 show lateral displacements of the bridge determined by RTS 1 and RTS 2. Lateral displacement values were smaller than longitudinal ones, but they were still higher than the estimated level of measurement noise. Maximum static component of lateral displacement was 6.7 mm for RTS 2, i.e. 5.1 mm for RTS 1 at passage 6, while the displacements at passages 1-5 amounted to no more than 4.3 mm. Higher level of lateral displacement at passage 6 was expected because at this passage the train on the east-side track had a delay of about 9 seconds or 187 m as related to the train on the westside track, which caused bridge excitation in lateral direction.
As with the displacement in vertical direction, dynamic components of displacements measured in longitudinal and lateral directions are in the range of ± 2 mm and ± 1 mm for RTS 1 and RTS 2, respectfully. It can be concluded that the displayed dynamic displacement components of horizontal displacement determined by RTS measurements are not reliable, and are primarily the consequence of noise and measurement error. As can be seen from the above results, both RTS instruments registered static components of displacement during passage of trains with the deviations within ± 1 mm, with the exception of lateral displacement at passage 6 where the difference was 1.6 mm.
Identification of natural frequencies of the bridge
The next stage of data processing involves computation of natural frequencies of the bridge from displacements measured by RTS. The FFT analysis was used to convert the time domain records of displacement measured by RTS to frequency domain. Natural frequencies were identified as resonance peaks of these spectral functions. Figure 20 shows the spectral function determined Figure 20 reveal that RTS 2 gives clearer resonance peaks. Natural frequencies determined from RTS measurements were directly compared to those determined by OMA and to numerical natural frequencies determined from the FE model of the bridge. The spatial numerical model was developed using the software package SAP2000 v15.2.1. The material properties, geometry and dimensions of structural elements used in the FE model were taken from the main design of reconstruction of the bridge [23] .
The OMA was conducted at ambient excitation, while natural frequencies, modal shapes and damping coefficients were determined by the methods of Frequency Domain Decomposition (FDD), using Brüel & Kjaer's Software Package Pulse. The procedure is based on singular value decomposition (SVD) of power spectral density (PSD) matrix of measured responses [24] . The measurement was performed at 42 measuring points. At each point, accelerations were measured in vertical and lateral directions, giving a total of 84 measured degrees of freedom. Natural frequencies were determined based on 84 measured responses with standard deviations of 0.01 Hz to 0.06 Hz. The conclusion derived from the above is that this technique gives reliable results. Experimentally determined modal shapes (OMA) and numerical ones, together with the corresponding natural frequencies, are shown in Figure 21 . The comparison of natural frequencies determined experimentally from RTS measurements, from OMA and numerical natural frequencies, is given in Table 2 . The above presented results show excellent agreement between natural frequencies determined experimentally by OMA, and those determined from RTS measurements. Results of numerical frequencies determined from the FE model show some discrepancies when compared to the ones determined experimentally. The accuracy of the FE model is influenced by input parameters such as material properties, geometry and boundary conditions that are often not comprehended with sufficient accuracy. It can be concluded that RTS instruments with the sampling frequency of 10-20 Hz can successfully be used for determining natural frequencies at medium and large span bridges with natural frequencies of less than 5 Hz. The precision of displacement measurements is not crucial for the determination of the natural frequencies, i.e. it is more important to have a satisfactory sampling rate of measurements.
Conclusion
The paper shows the testing procedure and possibilities for using RTS instruments in dynamic testing of the Sava Railway Bridge after its reconstruction. Two RTS models measured vibrations of the bridge caused by two trains passing at speeds ranging from 20 to 75 km/h. The main objective of this research was to evaluate the ability of RTS to measure displacements in the range of several millimetres during dynamic excitation, and to determine natural frequencies of the bridge based on displacement measurements. Vertical displacements of the bridge determined during train passages were up to 67.8 mm, while horizontal (lateral and longitudinal) displacements were up to 7.5 mm. Measurement of bridge dynamic displacements and natural frequencies by RTS Almost identical vertical displacement values were registered by both RTS instruments. Differences between the static components of vertical displacements determined by the two RTS instruments amounted to 1 mm, except for the passage 6 where the difference of maximum measured displacements was 2.3 mm. Differences between static components of horizontal displacements amounted to 1.6 mm. Despite millimetre displacement range, an excellent agreement of horizontal displacements measured by both RTS can be noted. Considering that these displacements were identified at specific time of the trains passing through the main span of the bridge (the time interval between moments 2 and 3), it can be concluded with certainty that the measured horizontal displacements show real response of the bridge caused by passing trains. The RTS instruments demonstrated the ability to identify static components of bridge displacement (horizontal displacements of the bridge) with satisfactory precision of a few millimetres only. At the same time, the dynamic components of displacements identified by RTS proved to be unreliable, and so it may be concluded that they are primarily the consequence of noise and measurement error. Displacements measured by RTS were converted from time domain to frequency domain using the FFT analysis. First, five natural frequencies of the bridge were identified. Natural frequencies at 1.56 Hz and 2.97 Hz were identified from vertical displacements, and those at 1.02 Hz, 1.95 Hz and 2.73 Hz were identified from lateral displacements. Natural frequencies determined by RTS measurements show excellent agreement with natural frequencies determined by ambient acceleration measurements at 42 measuring points in vertical and lateral directions. Results obtained by testing RTS instruments show that it is not possible to accurately determine amplitude characteristics of displacements lower than 4 mm. However, from the same measurements of simulated sinusoidal displacements with amplitudes of 1 mm, 2 mm and 4 mm, it was possible to determine the frequency characteristics of up to 3 Hz with RTS 1, while RTS 2 registered frequencies of up to 5 Hz. The results presented in the paper show that, during dynamic excitation of bridges, RTS instruments can determine static components of displacement with sufficient accuracy in the range of a few millimetres, while natural frequencies of less than 3 Hz can be determined from dynamic components. It can be concluded that RTS instruments are suitable for monitoring medium to large span bridges, and that their use is not restricted to monitoring only the constructions characterised by displacements higher than 10 mm. It is important to point out that the limits of use of geodetic instruments for measuring dynamic displacements of structures is likely to expand in the near future thanks to growing precision and sampling frequency.
